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I 
The curve (band) depicting the interdependence of flash iUumina- 
tion I  and flash frequency F  critical for response to visual flicker is 
shifted in the direction of lower intensities when the temperature of 
the animal is raised.  1  Measurements with the insect Anax  (larva)  2 
and  the  turtle  Pseudemys, 8 which  exhibit  the  activity of  only one 
homogeneous population  of  nervous  dements  concerned  in  deter- 
mining  the reaction to the threshold of flicker, show that the maximum 
value of F  and the shape of the log I  -  F  curve are  independent of 
temperature.  Only the position of the curve along the log I  axis is 
altered; this is also essentially true in the data from forms (arthropods) 
for  which a  structural  factor,  namely the  convexity of  the  retinal 
surface,  4 mechanically introduces a  distortion of the fundamentally 
simple character of the curve. 
The  same  invariance  of  shape  and  F~z.  when  temperature  is 
changed is apparent in data obtained with sunfisM and with Fundulus. e 
These exhibit the typical vertebrate condition of a  duplex curve for 
log I  ~s. F.  Here each of the two parts of the flicker response con- 
tour--commonly related to the functioning of retinal rods and cones, 
t j. Gen. Physiol., 1936-37, 20, 393, 411; 1938-39, 22, 311.  Proc.  Nat. Acad. 
Sc.,  1938, 24, 216; 1939, 25, 78. 
2 j. Gen. Physiol., 1936-37, 20, 393; 1937-38, 21, 223. 
3 Proc.  Nat. Acad. Sc.,  1938, 24,  125.  J.  Gen.  Physiol.,  1938-39, 22, 311. 
4 ]. Gen. Physiol., 1937-38, 21, 223, 463; 1938-39, 22, 451. 
]. Gen. Physiol., 1936-37, 20, 411. 
6 ]. Gen. Physiol., 1938-39, in press.  J. Exp. Zool., 1939, in press. 
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respectively--retains its value of Fm~. and of the shape constant in- 
dependent of change in temperature.  The Fu~dulus curve is impor- 
tant because of the large and prominent "rod" contribution. 
The significance of these facts for the theory of the flicker response 
contour  has  been  discussed  previously,  t  The F  -  log I  curve is 
essentially a probability integral. 7  The elements of effect contributing 
to  the summation of total  effect proportional to F  are  elements of 
which the excitability fluctuates from moment to moment.  At any 
instant the excitability of a given element is measured by the reciprocal 
of its exciting intensity.  This view is consistent with the results of 
altering the area of a  retinal surface 8 if it be correct that properties 
of a simple chemical system govern the slope of the curve for  1/I as 
a  function of  temperature.  This dependence is such  that,  for fre- 
quencies of heart beat, breathing movements, and the like, presumed 
to be  dependent on and  to measure  the potential of a  pacemaking 
process, the relative variation is independent of temperature when the 
apparent critical increment  (temperature  characteristic)  is constant. 
Over the range of F  which concerns us in the present  experiments, 
(r i/I is constant, and so therefore is ~ o/z)/(1/I);  as will be pointed 
out, the ratio is independent of temperature. 
The use of a  particular analytical function, such as  a  probability 
integral, for the description of the flicker response contour could not 
be really justified by any mere processes of curve fitting, even if  ap- 
propriate  criteria  could be  found.  The same restriction,  of course, 
applies to the use of any other curve.  The known properties of the 
measured variation of the critical intensity implicit in the data make 
classical  criteria  of  curve  fitting arbitrary2  Justification  must  be 
provided through and by means of tests which demonstrate that  the 
parameters  of  the  proposed  function  have  the  necessary  physical 
properties,  as well as that their number is necessary and sufficient. 
The probability integral, describing the data with adequate statistical 
fidelity, contains three "constants"  (parameters): the ordinate of the 
upper  asymptote  (Fm.x.),  the  abscissa  of  its  inflection  point  (log 
7 Proc. Nat. Acad. Sc., 1937, 23, 71.  J. Gen. Physiol., 1936-37, 20, 411; 1937-38, 
9.1, 313; 1938-39, 9.2, 311.  Proc. Nat. Acad. Sc., 1938, 24, 125. 
s j. Gen. Physiol., 1937-38,  21,223. 
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I ~,~.), and the standard deviation of the summed frequency distribu- 
tion  (¢ ,og~).  Tests made by altering temperature, retinal area,  and 
percentage light  time in  the  flash  cycle  1,1° show dearly  that  these 
parameters can be separately controlled, and that (so far as present 
evidence  extends)  11  these  particular  three parameters are sufficient 
as well as necessary.  A  rigorous test of the biological reality of a 
physical basis for  these parameters is  available  by  way of genetic 
experiments; cross-breeding experiments show  u that they can behave 
as specific genetic entities. 
To learn something about the mechanism governing the excitability 
we may investigate quantitatively the way in which the abscissa of 
the inflection (log I~,~.) point of the curve depends upon the tempera- 
ture.  This parameter is the abscissa of the mode (median) of the 
frequency distribution of the log I  thresholds of the population of 
sensory effects.  Since the form of the F  -  log I curve does not change 
with alteration of temperature, nor  the upper asymptote, the same 
kind of information can be obtained from the behavior of the critical 
illumination at any fixed level of F.  With elevation of temperature 
the frequency distribution, i.e. dF/d log I  as a  function of log I, is 
merely moved to a lower position on the log I  axis.  The extent of this 
shift, for a given change of temperature, is the same for both sections 
of the curve, since their shape constants do not change. 
The origin of the log form of the function may be  explained in 
several ways.  We may take it for granted that at any instant the 
frequency distribution of mean individual excitabilities (1/I1)  would 
be normal, since obviously a  large number of elements is involved. 
Reaction, at a fixed (low)  F  would then require the production of a 
certain summed quantity of excitation (proportional to F).  But the 
excitation  process  occupies a  finite  time  interval,  and  within  this 
period  the  individual  excitabilities  fluctuate  at  random.  The  as- 
sumption to be made is that for very low intensities, effect (=  kF) 
and I  will be directly proportional; a  small increase of effect to be 
lO j. Gen. Physiol.,  1937-38,  21, 313, 463. 
11 j. Gen. Physiol., 1935-36, 9.0, 503.  Proc. Nat. Acad. Sc., 1936, 22, 412. 
12 y. Gen. Physiol.,  1936-37, 21,  17;  1938-39, 22, 463.  Proc.  Nat. Acad.  Sc., 
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obtained  will be  directly proportional  to  the  increase of intensity, 
but inversely proportional to the intensity level: 
dE  =  k,dF =  k  dI 
2  I 
so that we will have to deal, not with a frequency distribution of dI, 
but of dI/I and thus of d log I.  This is required by the fact of the 
"saturation" of the F  -  I  curve, and holds equally well if dE is taken 
dI  1  dI 
as proportional  to  the excitability d(1/I),  since  D  "  I  =  --I 
(i.e., the direction of the scale is merely reversed). 
In another way, if under a given intensity I  the occurrence of effect- 
contributions  from  an  element  follows  a  Poisson  distribution,  for 
which there is experimental evidence, the log frequency distribution 
is derived directly. 
Essentially the same argument applies to other dynamically similar 
situations,  as  in strength-duration  data  for  excitation  of  nerve.  13 
In that case lowering the temperature also raises the abscissa (log t) 
of the inflection point of the curve (1/C vs. log 0  but in addition raises 
the maximum (i.e., decreases the rheobase) because a larger number of 
elements of excitation is made available in the longer critical time; 
the shape of the curve, measured by a'~, with  1/C on a  percentage 
scale, is unchanged. 
II 
The quantitative dependence of the shift of the F  -  log I  curve on 
change of temperature should provide evidence as to the nature of the 
control of excitability.  For Pseud~mys  the relationship is of a  kind 
frequently encountered in  biological  systems;  3  1/I=  for  a  fixed F 
follows the Arrhenius equation, with ~  =  27,000  calories below 30  ° 
and ~  =  12,000 above 30  °.  These values of the temperature charac- 
teristic and of the critical temperature are  often found.  With En- 
nea~a~hus  (sunfish),  however,  2 observations  at  three  temperatures 
(12.4°;  21.5°;  27.3 °) gave on an Arrhenius grid (log 1/I,, vs.  1~Tabs) 
a  plot  convex  upward  instead  of  rectilinear.  Such instances  are 
unusual, and led us to conclude  2 that the flicker response phenomenon 
18 CJ. Proc. Nat Aca& Sc., 1937, 23, 71.  J. Gen. Physiol., 1937-38, 21, 223. W.  J.  CROZIER  AND  ERNST  WOLF  491 
is too complex to provide significant data for description in this way. 
This could not be entirely due to the presence of both rod and cone 
contributions to the flicker curve, since somewhat  similar  complica- 
tions  appeared  in  the  case of the  dragonfly Anax  (nymphs).  ~  The 
behavior of the flicker response contour for the sunfish was therefore 
reinvestigated,  since  with  the  occurrence of an  intermediate critical 
temperature  ~4 observations at a  number of closely spaced points are 
necessary  to  decide if  a  change  of temperature  characteristic  is in- 
volved.  Instances in which the apparent critical increment is greater 
over the range  above a  critical temperature  are comparatively rare, 
but are not unknown. ~5  Such a  situation would account for certain 
features of the original data on the sunfish. ~  It should also be possible 
to determine if the shift of the rod portion is really of the same kind 
as for the cone part of the curve.  This point has a certain theoretical 
importance. 16  It turns out that the detailed study of the reactions of 
the  sunfish  does  make  it  clearer why  the  initial  observations  were 
incompetent to decide this matter. 
The experimental conditions  were the same as those discussed in some detail 
in our earlier papers. ~  So also were the method of obtaining the measurements 
and the procedure for calculation of the results.  In the present lot of Enneacan- 
lhus, as in several earlier series,  ~7 there is no evidence of persisting  individualities 
among the several fishes used throughout the sets of measurements.  The relative 
rank orders  of reactivity are randomly distributed, and show no correlations in 
successive sets of readings.  The methods of work are sensitive enough to reveal 
rather delicate differences of this kind, in lots of other organisms,  when they do 
occur, ts  This provides an essentially objective control on the methods of observa- 
tion.  The present data are demonstrably homogeneous, by this test.  The rela- 
tion of the scatter of the critical intensities  to the mean intensity is precisely 
that found in the earlier series: P.Eax~ is directly proportional to I,,; the propor- 
tionality constant is not demonstrably different from that found in the earlier 
series  (Fig.  1).  The different temperatures were used in a  completely random 
order.  Observations  on any one day were at F  =  4 and F  =  25 at the same 
14 Cf. Y. Gen. Physiol., 1924-25, 7, 123, 189; 1925-26, 9, 525, etc. 
1~ j.  Gen.  Physiol.,  1930-31, 14, 421, 
in j.  C-an. Physiol.,  1928-39, in press. 
t7 y. Gen. Physiol., 1935-36, 19, 495; 1936-37, 20, 211,411; 1937-38, 21, 313. 
Proc. Nat. Acad. So., 1938, 24, 221. 
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temperature.  Repetition  of  readings  at  a  particular  temperature,  after  some 
days' use at other temperatures, shows unexceptionably close agreement.  There 
is a  distinct suggestion that on any one day the two sets of readings (at F  =  4, 
F  -- 25) may tend to depart slightly in the same direction, so that both may be 
"too high" or "too  low" by comparison with the others.  This could perhaps be 
due  in  part  to  slight errors in  temperature adjustment,  but  there is probably 
involved as well a  real day-to-day fluctuation in the whole lot of fishes.  Values 
obtained several years ago, with of course a different lot of individuals, uniformly 
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FIG.  l.  P.E.Ixl is directly proportional to I,,,  (i.e.,  the slope of the log rs.  log 
plot  =  1),  independently of  the  temperature.  Data  in  Table  I  (new  deter- 
minations only). 
cant,  however.  The  variability of 11,  the mean  critical intensity for reaction, 
tends to be a little higher for our earliest series3  These data are given for com- 
parison in Table I. 
The two most extensive departures  (at F  =  4,  21.5  °  and at F  =  25,  23.9°; 
see Table I  and Figs. 2 and 3) occur at points for which an extremely small dif- 
ference in the adjustment of the diaphragm controlling the intensity of illumination 
(of.  footnote 1)  has a  large influence upon the recorded intensity, owing to the 
slope of the calibration curve; a  difference of 0.3 ram.  in the diaphragm opening 
would  obliterate  the  departures,  and  this  is  actually less  than  the  difference 
between mean values in duplicate sets of 3  X  10 readings.  These departures are 
therefore not significant. W.  J.  CROZIER  AND  ERNST  WOL1  ¢  493 
III 
Data were obtained at two flash frequencies, F  =  4  per sec.  and 
F  =  25  per  sec.,  with  a  light  time  proportion  of  50  per  cent  (i.e., 
tL  =  tD), at t  °  =  21.5.  These two flash frequencies were chosen so as 
to fall within the  exclusively rod and the exclusively cone parts of the 
TABLE  I 
Mean critical flash intensities for response to flicker, at two flash frequencies 
(F  =  4; F  --  25), as a  function of temperature, for  the  sunfish  Ennetwantkus; 
*taken from earlier measurements;  n  30 measurements at each point (3 on each of 
the same 10 individuals).  I  in millilamberts; P.Ealx is  the  P.E.  of the disper- 
sion, computed as described in the text; F  is in flashes per sec.; the flash cycle 



















































log  Im  log  P.E 11, 
i .7615  3.9793 
i .7591  2.0402 
i.7755"  2.4281 
i .7258  3.9665 
i.eexe  3.8963 
i .6585  3.8074 
i .6215  3.8150 
i .5918  3.7388 
i.5631"  2. 7993 
i. 5566*  ]. 8779 
i .5585  3.6684 
i .fiOftO  3.9116 
i .4404  3.9113 
i .40'/9  3.7317 
i .3619  3.7567 
i. 3609*  2.2201 
|.3602"  ].8543 
i .2882  3.5388 
duplex flicker response  contour  for Enneacantkus. 1  The  results  are 
given in Fig. 2, and in Table I.  The evidence for  absence of change 
of F,o,. and of s~pe of curve when the temperature is altered is fairly 
conclusive.  1,~  We  may therefore  accept  the  change  of I,  at  fixed 
F  as a  legitimate index of the shift of the whole function. 494  TEMPERATURE  AND  RESPONSE  TO  FLICKER.  III 
Fig.  2  makes it clear  that the behavior of the excitability (1/I,,) 
as a function of temperature is somewhat unusual.  There is a critical 
temperature near 20°C., and above this the temperature characteristic 
is greater  than at lower temperatures.  There is also a  distinct, sig- 
nificant difference in the data for F  =  4 and F  =  25.  The important 
5.2 
~=14,400  6.1 
0.8  -  5.9 
0.7  8,060  5.8 
33  34  55 
104//Tab~. 
Fro.  2.  The rectilinear  dependence of log 1/I,~  (at fixed F) on 1/T,~,.  gives 
essentially the same slopes for F4 and Fzs; obse~ations from older series of observa- 
tions are indicated by tags (see text).  The dislocation of the two halves of the 
plot for F4 is discussed in the text.  Data in Table I.  The departures are not 
significant (see text). 
indication is that the temperature  characteristics for I~ at the two 
flash frequencies are  the  same,  but  that  for F  --  4  there  occurs  a 
shift of the curve above the critical  temperature (ca. 20°C.) which is 
not involved for the measurements at F  =  25.  Fig. 3  brings this out 
in a  simple way.  If #  is the same for the two series of readings at 
F  =  4 and F  =  25, above 20  °,  and below, then multiplication of one W.  J.  CROZIER  AND  ERNST  WOLF  495 
of these  sets by a  constant  should,  of course, bring the  two into  co- 
incidence--provided the rod and  cone curves suffer the same kind of 
change  on  passing  beyond  the  critical  temperature.  Fig.  3  shows 
w 
•  F  4-  23,950 
o  F25 
Y/-~=  t4,400 
2 [------~,~y  sa = 8~100 
I  '  [  L  L  L 
10  20  30 
t°C. 
FIG. 3.  The values of 1/I= plotted in Fig. 2 are brought together for comparison 
by dividing those at F4 by a constant (= 23,950), which shows the identity of the 
curves for the upper range of temperatures (>20°C.) and the greater dislocation 
of the F4 measurements at ca. 20  °.  The curves are the same as those shown in 
rectilinear form in Fig. 2. 
that the situation is  more involved.  Above l °  =  20, p  =  ca.  14,400; 
below this  temperature/~  =  ca.  8,300;  this  obtains  for both F  =  4 
and F  =  25; but for F  =  4  above t  =  20  °  the whole curve has been 496  TEMPERATURE  AND  RESPONSE  TO  FLICKER.  III 
moved as a  unit  toward lower values of 1/I,,.  When the values of 
1/I~,  for F  =  4  have been brought into  coincidence with  those for 
F  =  25, above t  °  =  20, by division of all the values with an appro- 
priate constant,  the curve for F  =  4, below ~°  =  20, lies to the left 
(Fig. 3). 
The recognition of critical temperatures u,15 has been upon the basis 
of (1) abrupt changes of # on either side of certain temperatures,  (2) 
abrupt shifts of frequency or rate of biological performance  without 
change of #, at the same temperatures, and (3) the occurrence of com- 
binations of (2) and (3).  The argument has been outlined in a recent 
paper  19 and need not be recapitulated.  The  reality of the evidence 
in the present data is patent.  It is of interest that the shift suffered 
by the  rod curve at 20  °  reinforces in an unequivocal way the inter- 
pretation  of  the  Arrhenius  graph  as  composed  of  two  intersecting 
straight  lines,  rather  than  as a  continuous  curve with  upward  con- 
cavity.  It would be difficult to adjust such a  curve to the data for 
F  =  25, but cases of this kind are known3  °  They signify the  con- 
current  participation  of  parallel,  additive  processes  having  unlike 
temperature characteristics, and are of course by no means inaccessible 
to interpretation. 21  The nature of the present data for F  =  4  (Figs. 
2 and 3) makes it unnecessary to discuss the question here, since the 
"break"  identified at ca.  20  °  is obviously real.  It is curious that  a 
previously known instance of this kind ~5 also involves the rather in- 
frequent #  =  14,400. 
IV 
We are concerned with the significance of this evidence in two par- 
ticular respects. 
1.  It  is  clear  that  the  calculation  of  a  temperature  coefficient 
(Q10) for two arbitrary temperatures,  say t  =  17  ° and t  =  20  °, could 
show an apparently significant difference for the rod and cone portions 
19 j. Gen. Physiol., 1938-39, in press. 
20 An example is found in Korr's data (J. Cell and Comp. Physiol.,  1937, 10, 
461) on the respiration of fertilized sea urchin eggs.  An analysis has been given 
by one of us in another place. 
st Cf., e.g.,  Norrish, R. G. W., and Rideal, E. K.,  1923, J.  Chem.  Sot., 123, 
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of the flicker curve.  It is equally dear that the difference would be 
without meaning or use,  and that if it were to  be employed as an 
argument  for  the  occurrence  of  distinct chemical  organization  of 
events supposed to underlie the determination of the two parts of the 
duplex curve of visual functioning, the resultwould be worse than mis- 
leading.  Such an  argument would be  simply wrong, because it  is 
evident that the apparent critical increments for 1/I,, in the rod and 
cone parts of the curve are the same.  Thus there is no real basis for 
assuming a  qualitative difference in chemical organization to be re- 
flected in the events determining the two parts of the duplex flicker 
contour.  A  difference of this sort is implied in a  treatment of the 
data on the sunfish  t offered by Hecht;~  ~ we had already pointed out  ~ 
that this alternative interpretation seems to be without cogency or 
validity. 
2.  Although there is from the temperature experiments no evidence 
for  difference in  the  chemical organization  of  the  neural  elements 
responsible for the rod and cone portions of the curve for the sunfish, 
there is  adequate evidence of the duplexity of the visual  function. 
The shift of the rod curve on either side of 20  ° is demonstrably differ- 
ent from that for the cone part.  The flicker curve has been found to 
be essentially a band, defining the limits of F  and log I  within which 
(under given conditions) there obtains a  certain probability (defined 
by  measured  ~g  and  ~1)  that  response  will  be  observed.  The 
values of I~,  for a  fixed F  and tr/tm with  temperature  as  variant, 
measure  the  "driving  force"  required  to  eventuate  the  index  re- 
sponse,  1,3 and  1~Ira is thus a valid measure of excitability.  The ele- 
ments activated by the driving force of repeated flash intensities, the 
summated effects of which are responsible for response, are presumed 
to be central nervous in location.  That the two groups of these ele- 
ments involved in determining the probability of occurrence of the 
index reaction should be assumed to  be in  some manner connected 
with the duplexity of retinal structure apparent in typical vertebrates 
there is abundant evidence.  ~8  That this necessarily supports the view 
that  the quantitative  properties of visual data,  as for example the 
22 Hecht, S., f. Applied Physics,  1938, 9p 156. 
23Cf.  Hecht,  S.,  Physiol.  Rev.,  1937,  17,  239.  Proc.  Nat.  Acad.  Sc.,  1938, 
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data  of response to  flicker, directly image the properties of retinal 
rods and cones, there is no evidence whatever.  The facts show that 
in vertebrates such as Enneacanthus there are involved two groups of 
neural elements which are implicated in recognition of visual flicker. 
The results of breeding experiments  lz show that the parameters of the 
functional expression of  these  groups  of elements can behave in  a 
simple,  independent  manner  in  inheritance.  A  separate  physical 
substratum is  therefore to  be postulated for each.  The  parameter 
basically concerned in the present experiments is the abscissa of the 
inflection of the F  -  log I  curve.  Changes in  this  quantity with 
change  of  temperature  measure  changes in  the  mode  (median)  of 
the frequency distribution of log I  thresholds for excitation of ele- 
ments, under conditions otherwise constant.  There is no reason for 
surprise at finding that the two groups of elements, whether or not to 
be specifically identified with the resultants of rod and cone excitation 
respectively, may be somewhat differently affected by passage through 
and beyond a critical temperature, since (as the genetic results show) 
a physically different substratum must be assumed for each of them. 
But so far as can be indicated by the evidence of their excitability 
temperature characteristics (~) the physicochemical properties of the 
elements of excitation in the two groups are the same.  This is en- 
tirely consistent with the somewhat surprising fact that  for purely 
cone (turtle) and rod (gecko)  24 retinas the F  -  log I  contours have 
almost indistinguishable values of log Ii,~., of ~'totl,  and of intensity 
range. 
We are indebted to Dr. Gertrud Zerrahn-Wolf for assistance in the 
observations and experiments. 
S~ARY 
For  the  sunfish Enneacanthus  the  mean value  of  the  critical  il- 
lumination for response to visual flicker at constant flash frequency 
(with light time  =  dark time) is related to temperature by the Ar- 
rhenius equation.  The temperature characteristic for 1/I,~ is differ- 
ent above and below 20°C.  In each range (12 °  to  20°;  20  °  to  30 °) 
the temperature characteristic is the same for rod and cone segments 
24 Data in course of publication. W.  J.  CROZIER  AND  ERNST  WOLF  499 
of the duplex flicker response contour: 8,200  and 14,400.  This makes 
it difficult, if not impossible, to consider that the two groups of ele- 
ments  are  organized  in  a  significantly  different  way  chemically. 
For the presumptively rod-connected elements implicated in response 
to flicker, the curve is markedly discontinuous, so that the high and 
low temperature parts are dislocated; whereas for the cones they are 
not.  This  is  entirely consistent with other (e.g.,  genetic) evidence 
pointing to their separate physical substrata. 
The  uncommon exhibition  of a  higher ~  over  a  higher  range  of 
temperature, previously found, however, in a few cases, together with 
the different relations of rod and cone effects to the critical tempera- 
ture, explain aspects of these data which in earlier incomplete  measure- 
ments  1 were found to be puzzling. 